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(54) Diffraction optical element 

(57) A diffraction optical element wherein a plurality 
of diffraction gratings formed of at least two kinds of ma- 
terials differing in dispersion are laminated, at (east two 
of the plurality of diffraction gratings are formed on a 



curved surface and adjacent to each other, and these 
two adjacent diffraction gratings are equal to each other 
in the shape of a curved tip plane in which the tips of 
respective grating portions are ranged. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] This invention relates to a diffraction optical el- 
ement, and particularly to a diffraction optical element 
suitable for use in a light including a plurality of wave- 
lengths, or a wide-band light, and an optical system us- 
ing the same. 

Related Background Art 

[0002] fn contrast with a conventional method of de- 
creasing chromatic aberration by a combination of glass 
materials, a method of providing a diffraction optical el- 
ement (hereinafter referred to also as the diffraction 
grating) having the diffracting action on a lens surface 
or a portion of an optical system to thereby decrease 
chromatic aberration is disclosed in literature such as 
SPIE, Vol. 1354, International Lens Design Conference 
(1990), Japanese Patent Application Laid-Open No. 
4-213421, Japanese Patent Application Laid-Open No. 
6-324262 and U.S. Patent No. 5 ; 044,706. This method 
utilizes the physical phenomenon that in a refracting sur- 
face and a diffracting surface in an optical system, chro- 
matic aberration for rays of light of a certain reference 
wavelength appears in opposite directions. Further, 
such a diffraction optical element can also be given an 
effect like that of an aspherical lens by the period of the 
periodic structure thereof being changed, and has a 
great effect in reducing aberrations. 
[0003] Here, in refraction, a ray of light is a ray of light 
still after refraction, whereas in diffraction, a ray of light 
is divided into a plurality of orders. So, when a diffraction 
optical element is used as a lens system, it is necessary 
to determine the grating structure so that a light beam 
of a wavelength area used may concentrate in a partic- 
ular order (hereinafter referred to also as the "design 
order"). When a light concentrates in the particular or- 
der, the intensity of the other rays of diffracted light be- 
comes low, and when the intensity is zero, the diffracted 
light thereof becomes null. 

[0004] Therefore, when the aberrations of an optical 
system are to be corrected by a diffraction optical ele- 
ment, it becomes necessary to that element that the dif- 
fraction efficiency of a ray of light of the design order be 
sufficiently high in the entire wavelength area used. Al- 
so, when there are present rays of light having the other 
diffraction order than the design order, those rays of light 
are imaged at locations discrete from the location for the 
ray of light of the design order and therefore become 
flare light. Accordingly, in an optical system using the 
diffraction effect, it is important to give sufficient consid- 
eration also to the spectral distribution of the diffraction 
efficiency at the design order and the behavior of the 
rays of light of the other diffraction orders than the de- 



sign order. 

[0005] When a diffraction optical element 201 having 
a diffraction grating 204 comprising a layer provided on 
a substrate 202 as shown in Fig. 16 of the accompany- 
5 ing drawings is formed on a certain surface, the charac- 
teristic of diffraction efficiency for the particular diffrac- 
tion order is shown in Fig. 1 7 of the accompanying draw- 
ings. Hereinafter, the value of the diffraction efficiency 
is the rate of the quantity of each diffracted light to the 
io whole transmitted light beam, and is a value in which 
the reflected light or the like on the boundary surface of 
the diffraction grating is not taken into consideration be- 
cause it is complex to describe. In Fig. 17, the axis of 
abscissas represents wavelength and the axis of ordi- 
15 nates represents diffraction efficiency. The diffraction 
optical element 201 is designed such that in the first dif- 
fraction order (solid line in the figure), the diffraction ef- 
ficiency becomes highest for the wavelength area used. 
That is, the design order is the first order. Further, the 
20 diffraction efficiency for the diffraction orders in the vi- 
cinity of the design order (zero order and second order 
which are first order ± one order) is also shown. At the 
design order, the diffraction efficiency becomes highest 
for a certain wavelength (hereinafter referred to as the 
2S "design wavelength") and gradually becomes lower for 
the other wavelengths. The decrement in the diffraction 
efficiency at this design order is the increment in the dif- 
fraction efficiency at the other orders than the design 
order, and diffracted lights of the other orders than the 
design order become flare lights. Also, when a plurality 
of diffraction optical elements are used, particularly a re- 
duction in the diffraction efficiency at the other wave- 
lengths than the design wavelength also leads to a re- 
duction in transmittance. 

[0006] A construction which can decrease such a re- 
duction in the diffraction efficiency is disclosed in Japa- 
nese Patent Application Laid-Open No. 9-127322. This, 
as shown in Fig. 18 of the accompanying drawings, op- 
timally selects three kinds of different materials and two 
kinds of different grating thicknesses, and disposes 
them in proximity at an equal pitch distribution to thereby 
realize high diffraction efficiency in the entire visible ar- 
ea, as shown in Fig. 19 of the accompanying drawings. 
[0007] Also, the assignee of the application presents 
in Japanese Patent Application Laid-Open No. 
10-133149 a diffraction optical element which can de- 
crease any reduction in diffraction efficiency. Fig. 20 of 
the accompanying drawings shows the construction 
presented in the above-mentioned proposition, and it 
has a laminated cross-sectional shape in which two lay- 
ers are stacked. High diffraction efficiency is realized by 
optimizing the refractive indices of materials forming the 
two layers, the spectral characteristic and the thickness 
of each grating. 

[0008] If a diffraction optical element is provided in an 
optical system, light beams of various angles of views 
usually enter the diffraction optical element. 
[0009] Therefore, if a diffraction optical element hav- 
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ing a diffraction grating provided on a flat plate is used 
in an optical system, the angle of incidence of a light 
beam onto the diffraction optical element is changed by 
the angles of view, and the diffraction efficiency of dif- 
fracted light at the design order comes to be changed 
by the angles of view. 

[0010] In particular, a laminated diffraction optical el- 
ement, as compared with the prior-art single-layer dif- 
fraction optical element shown in Fig. 16, tends to be- 
come greater in the thickness of the grating. Therefore, 
a laminated diffraction optical element formed on a flat 
plate, when used in an optical system having an angle 
of view, has its diffraction efficiency greatly reduced by 
the eclipse or the like of a light beam on the edge surface 
of the grating. 

[0011] In contrast, it would occur to mind to use a dif- 
fraction optical element having a diffraction grating on a 
curved surface in an optical system having an angle of 
view. In this case, when the diffraction optical element 
is dispos ed, for exampje, more adjacent to the object 
side than a stop, a change in the angle of incidence of 
a light beam onto the diffraction optical element may be 
reduced depending on a change in the angle of view by 
the diffraction grating being provided on a curved sur- 
face which is concave relative to the stop. 
[0012] Actually, however, unless the shape of the 
grating when a diffraction optical element having lami- 
nated structure is formed on a curved surface is made 
appropriate, high optical performance equal to that of a 
diffraction optical element of laminated structure formed 
on a flat surface will not be obtained in some cases. 

SUMMARY OF THE INVENTION 

[001 3] The present invention has as its object the pro- 
vision of a diffraction optical element which, even when 
used in an optical system having an angle of view, has 
a small change in diffraction efficiency depending on the 
angle of view, and an optical system using the same. 
[0014] A first diffraction optical element of the present 
invention is a diffraction optical element having structure 
in which at least two diffraction gratings formed of at 
least two kinds of materials differing in dispersion are 
laminated, and having its diffraction efficiency of a par- 
ticular order enhanced in the wavelength area used, 
characterized in that at least two of the diffraction grat- 
ings are formed on a curved surface and adjacent to 
each other, and these two adjacent diffraction gratings 
are of a curved surface shape in which curved tip planes 
in which the tips of respective grating portions are 
ranged are equal to each other. 

[0015] A second diffraction optical element of the 
present invention is a diffraction optical element having 
structure in which at least two diffraction gratings formed 
of at least two kinds of materials differing in dispersion 
are laminated, and having its diffraction efficiency of a 
particular order enhanced in the wavelength area used, 
characterized in thai at least two of the diffraction grat- 
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ings are formed on a curved surface and adjacent to 
each other, and a curved tip plane in which the tips of 
the grating portion of one of these two adjacent diffrac- 
tion gratings are ranged and a groove bottom curved 
s surface in which the groove bottoms of the grating por- 
tion of the other diffraction grating are ranged are of an 
equal curved surface shape. 

[0016] A third diffraction optical element of the present 
invention is a diffraction optical element having structure 

10 in which at least two diffraction gratings formed of at 
least two kinds of materials differing in dispersion are 
laminated, and having its diffraction efficiency of a par- 
ticular order enhanced in the wavelength area used, 
characterized in that at least two of the diffraction grat- 

15 ings are formed on a curved surface and adjacent to 
each other, and these two adjacent diffraction gratings 
are such that a line linking the tips of the opposed grating 
portions thereof is substantially parallel to an optical ax- 
is. 

20 [QQ17] A fourth diffraction optical element of _the 
present invention is a diffraction optical element having 
structure in which a plurality of diffraction gratings 
formed of at least two kinds of materials differing in dis- 
persion are laminated, and having its diffraction efficien- 

2S cy of a particularorder enhanced in the wavelength area 
used, characterized in that two adjacent ones of the plu- 
rality of diffraction gratings satisfy 

where p represents the angle formed between the grat- 

30 ing edge of the grating portion thereof and the grating 
surface of the grating portion, and a represents the an- 
gle formed by the grating surface with respect to the sur- 
face normal of a curved tip plane at a position whereat 
the curved tip plane in which the tips of the grating por- 

55 tion are ranged and the tips intersect with each other. 
[001 8] A fifth diffraction optical element of the present 
invention is a diffraction optical element having structure 
in which a plurality of diffraction gratings formed of at 
least two kinds of materials differing in dispersion are 

40 laminated, and having its diffraction efficiency of a par- 
ticular order enhanced in the wavelength area used, 
characterized in that the grating thickness of the grating 
portions of the diffraction gratings is such that the length 
of the grating thickness in a direction parallel to the sur- 

45 face normal of a curved tip plane in which the tips of the 
grating portions are ranged at a position whereat the 
curved tip plane and the tips intersect with each other is 
constant. 

[0019] A sixth diffraction optical element of the 
so present invention is a diffraction optical element having 
structure in which at least two diffraction gratings formed 
of at least two kinds of materials differing in dispersion 
are laminated, whereby the diffraction efficiency of a 
particular order (design order) is enhanced in the entire 
55 wavelength area used, characterized in that at least two 
of the diffraction gratings are formed on a curved surface 
and adjacent to each other, and these two adjacent dif- 
fraction gratings are equal to each other in the center of 
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curvature of the curved tip plane of each grating portion 
thereof in which the most proximate tips of the gratings 
are ranged. 

[0020] A seventh diffraction optical element of the 
present invention is a diffraction optical element having 
laminated grating structure in which at least two diffrac- 
tion gratings formed of at least two kinds of materials 
differing in dispersion are stacked in proximity to one 
another, and having its diffraction efficiency of a partic- 
ular order enhanced in the wavelength area used, char- 
acterized in that two of the diffraction gratings are 
formed on a curved surface and adjacent to each other, 
and the grating spacing between these two adjacent dif- 
fraction gratings is equal over the range of use. 
[0021] Each of the aforedescribed elements has a 
form in which the plurality of laminated diffraction grat- 
ings are joined together in the non-grating area of each 
diffraction grating. 

[0022] Each of the aforedescribed elements has a 
form in which Ihe plurality of laminated diffraction grat- 
ings include a diffraction grating differing in the direction 
of the grating shape from at least one other diffraction 
grating. 

[0023] Each of the aforedescribed elements has a 
form in which the wavelength area used is a visible 
range. 

[0024] Each of the aforedescribed elements has a 
form in which at least one of the plurality of diffraction 
gratings is such that the material forming the diffraction 
grating is the same as the material forming a substrate 
on which the diffraction gratings are provided. 
[0025] Each of the aforedescribed elements has a 
form in which a substrate on which the diffraction grat- 
ings are formed has lens action. 

[0026] Each of the aforedescribed elements has a 
form in which it is formed on the cemented surface of a 
cemented lens. 

[0027] The optical system of the present invention is 
characterized in that it uses any one of the aforede- 
scribed elements and the aforedescribed forms of dif- 
fraction optical element. 

[0028] The optical system is an imaging optical sys- 
tem or an observation optical system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] Fig. 1 is a schematic view of the essential por- 
tions of a diffraction optical element according to Em- 
bodiment 1 of the present invention. 
[0030] Fig. 2 is a cross-sectional view of the essential 
portions of a diffraction grating in Embodiment t of the 
present invention. 

[0031] Fig. 3 is an illustration of the diffraction efficien- 
cy of the diffraction optical element according to Embod- 
iment 1 of the present invention. 
[0032] Fig. 4 is an illustration of grating pitch. 
[0033] Fig. 5 is an illustration of the curved surface 
shape of the tip of a diffraction grating. 



[0034] Fig. 6 is an illustration of the curved surface 
shape of the tip of a diffraction grating. 
[0035] Fig. 7 is an illustration of the curved surface 
shape of the tip of a diffraction grating. 
s [0036] Fig. 8 is an illustration of the grating pitch and 
curved surface shape of the diffraction grating. 
[0037] Fig. 9 is an illustration of the grating edge 
shape. 

[0038] Fig. 10 is an illustration of the thickness of the 
to grating. 

[0039] Fig. 11 is an illustration of a one-dimensional 
diffraction optical element according to Embodiment 1 
of the present invention. 

[0040] Fig. 12 is a schematic view of the essential por- 
15 tions of a diffraction optical element according to Em- 
bodiment 2 of the present invention. 
[0041 ] Fig. 1 3 is a schematic view of the essential por- 
tions of a diffraction optical element according to Em- 
bodiment 3 of the present invention. 
20 [0042] Fig. 14 shows a photo-taking optical system 
according to Embodiment 4 of the present invention. 
[0043] Fig. 15 shows an observation optical system 
according to Embodiment 5 of the present invention. 
[0044] Fig. 16 is an illustration of the grating shape 
25 (triangular wave shape) of a diffraction optical element 
according to the prior art. 

[0045] Fig. 17 is an illustration of the diffraction effi- 
ciency of the diffraction optical element according to the 
prior art. 

30 [0046] Fig. 18 is an illustration of the cross-sectional 
shape of the diffraction grating of a laminated type dif- 
fraction optical element according to the prior art. 
[0047] Fig. 19 is an illustration of the diffraction effi- 
ciency of the laminated type diffraction optical element 

35 according to the prior art. 

[0048] Fig. 20 is an illustration of the cross-sectional 
shape of the diffraction grating of the laminated type dif- 
fraction optical element according to the prior art. 
[0049] Fig. 21 is an illustration of the cross-sectional 

40 shape of a diffraction optical element according to the 
prior art formed on a flat plate. 

[0050] Fig. 22 is an illustration of the diffraction effi- 
ciency of the diffraction optical element according to the 
prior art formed on a flat plate. 

45 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0051] Fig. 1 is a front view and a side view of the es- 
50 sential portions of the diffraction optical element of the 
present invention, and Figs. 2 and 6 are partial cross- 
sectional views of the element 1 of Fig. 1 along the line 
2-2 of Fig. 1 . 

[0052] Referring to Fig. 1 , reference numeral 1 desig- 
ns nates a diffraction optical element comprising the dif- 
fraction grating 6 of a first diffraction optical element 2 
and the diffraction grating 7 of a second diffraction opti- 
cal element 3 which are proximate and opposed to each 
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other. The diffraction gratings 6 and 7 constituting the 
diffraction optical element 1 comprise concentric circu- 
lar grating shapes and have lens action. Also, the two 
adjacent diffraction gratings 6 and 7 provide curved sur- 
faces (curved tip planes) 9 and 10 when the tips 6b (7b) 
of grating portions 6-1 (7-1) are ranged. The two curved 
tip planes 9 and 10 are of equal curved surface shapes. 
O denotes an optical axis. 

[0053] Fig. 2 is a view of the diffraction gratings 6 and 
7 considerably deformed in the direction of depth ol the 
gratings. The diffraction optical element 1 is of a con- 
struction in which the first diffraction optical element 2 
having the diffraction grating 6 formed on the surface of 
a substrate 4 and the second diffraction optical element 
3 having the diffraction grating 7 formed on the surface 
of a substrate 5 are proximate to each other with air 8 
therebetween. Further, the surfaces of the substrates 4 
and 5 on which the diffraction gratings 6 and 7 are 
formed and the surfaces opposite thereto are curved 
surfaces , and the substrates 4 and 5 themselves have 
the action as a refracting lens. In Fig. 2, the reference 
numerals 9 and 10 designate the curved tip planes of 
the diffraction gratings 6 and 7. 

[0054] The diffraction efficiency of the diffraction opti- 
cal element will first be described. 
[0055] A diffraction optical element 201 of the ordinary 
transmission type as shown in Fig. 16 has a layer of dif- 
fraction grating 204, and the condition under which dif- 
fraction efficiency becomes maximum at the design 
wavelength X0 is that when a light beam enters a dif- 
fraction grating 204 (diffraction surface) perpendicularly 
thereto, the difference in optical light path difference be- 
tween the mountain and valley of the diffraction grating 
204 becomes integer times as great as the wavelength, 
and this can be represented by the following expression: 

(n 01 -1)d = mX 0 , (1) 

where n 01 represents the refractive index of the material 
of the diffraction grating at a wavelength X 0: d represents 
the thickness of the grating, and m represents the dil- 
fraction order. Fig. 17 shows the diffraction efficiency of 
the diffraction optical element 201 at this time. 
[0056] On the other hand, a diffraction optical element 
301 having two or more layers of diffraction gratings 
306, 307 as shown in Fig. 21 , in order to make it act as 
a diffraction grating through all layers, is determined so 
that the differences in the optical light path length be- 
tween the mountains and valleys of the diffraction grat- 
ings 306, 307 may be found and the total thereof over 
all layers may be integer times as great as the wave- 
length. In Fig. 21 . the reference numerals 304 and 305 
designate substrates, and the reference numeral 308 
denotes an air layer. The conditional expression under 
which the diffraction efficiency when a light beam enters 
the diffraction optical element 301 of laminated structure 



shown in Fig. 21 perpendicularly thereto becomes max- 
imum is 

5 ± (n 01 - 1)d1 ± (n 02 - l)d2 = mX Q> (2) 

where n 01 represents the refractive index of the material 
of the first diffraction grating 306 at the wavelength Xq, 
n 02 represents the refractive index of the material of the 

10 second diffraction grating 307 at the wavelength Xq, and 
d1 and d2 represent the grating thickness of the first dif- 
fraction grating 306 and the second diffraction grating 
307, respectively. Here, when the direction of diffraction 
is made such that the downward diffraction from 0-order 

16 diffracted light in Fig. 21 is a positive diffraction order 
and the upward diffraction from 0-order diffracted light 
is a negative diffraction order, the signs of increase and 
decrease in each layer in expression (2) become such 
that the case of a grating shape (in the figure, the dif- 

20 f raction .grating _30Z) _in _wb ich_as_shown : _tbe_grating 
thickness increases from up to down is positive, and the 
case of a grating shape (in the figure, the diffraction grat- 
ing 306) in which conversely, the grating thickness in- 
creases from down to up is negative. A specific example 

25 will hereinafter be cited and described. 

[0057] First, the following construction is adopted as 
the first diffraction optical element 302. The material 
forming the diffraction grating 306 is ultraviolet ray set- 
ting resin (nd = 1.635, vd = 23.0), and the thickness dl 

30 of the grating is 6.9 u.m. Likewise, the following construc- 
tion is adopted as the second diffraction optical element 
303. The material forming the diffraction grating 307 is 
ultraviolet ray setting resin C001 (nd = 1 .524, vd = 50.8) 
produced by Dainippon Ink Chemical Industry Ltd., and 

35 the thickness d2 of the grating is 9.5 (am. The diffraction 
efficiency of the first order diffracted light and zero order 
and second order in the vicinity thereof in this construc- 
tion is shown in Fig. 22. 

[0058] As can be seen from Fig. 22, the first order dif- 
40 fracted light maintains high diffraction efficiency in the 
entire visible range. It can also be seen that the diffrac- 
tion efficiency of the zero order and second order dif- 
fracted lights which are the neighboring orders of the 
first order diffracted light which is the design order is 
45 greatly reduced as compared with the example of the 
prior art shown in Fig. 17. 

[0059] Description will now be made of the shape of 
the diffraction optical element of the present invention 
having a diffraction grating formed on a curved surface. 

50 As the construction, it is to be understood that the 
above-mentioned diffraction grating is formed on a 
curved surface having a radius of curvature R (herein- 
after referred to as the reference curved surface). 
[0060] Description will first be made of the grating 

55 pitches of the diffraction gratings 6 and 7 of the first dif- 
fraction optical element 2 and the second diffraction op- 
tical element 3, respectively. As regards the grating pitch 
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of the diffraction grating when formed on a curved sur- 
face, it is preferable that the grating pitch distributions 
at the positions of the tips 6b and 7b of those grating 
portions 6-1 and 7-1 of the diffraction gratings 6 and 7 
adjacent to each other which are most proximate be- 
come substantially equal to each other. That is, design 
is made such that a segment linking the tips 6b and 7b 
of the grating portions 6-1 and 7-1 opposed to each oth- 
er is substantially parallel to the optical axis O. Fig. 4 
shows as a comparative example a diffraction optical 
element of such a combination in which only the grating 
pitch distributions at the positions of the tips of the grat- 
ings on the substrate side (in Fig. 4, the groove bottoms 
6c and 7c of the grating portions of the diffraction grat- 
ings 6 and 7) are equal to each other. In the ensuing 
illustrations, only the diffraction gratings are shown and 
particularly the substrate is not shown. 
[0061] In the construction shown in Fig. 4, a light 
beam propagating through an area represented by 
hatching A emerges from the grating portion 6-1 of the 
first diffraction grating 6, whereafter it does not enter a 
corresponding grating portion 7-1, but enters a grating 
portion 7-2 adjacent to this grating portion 7-1 . Accord- 
ingly, the light beam in the area of hatching A cannot 
obtain a desired optical light path length difference and 
is not converted into diffracted light of the design order, 
but becomes unnecessary diffracted light of other order 
than the design order. Therefore, in the present embod- 
iment, in order to reduce this unnecessary light beam, 
design is made such that as shown in Fig. 2, the grating 
pitch distribution at the position Pof the tip of the grating 
most proximate to the grating portion 7-1 of the grating 
7 adjacent to the grating portion 6-1 becomes equal to 
the grating pitch distribution at the position of the tip of 
the grating portion 6-1 . 

[0062] Description will now be made of the shapes of 
surfaces (curved tip planes) 9 and 10 in which the tips 
of the grating portions 6-1 and 7-1 of the diffraction grat- 
ings 6 and 7 of the first and second diffraction optical 
elements 2 and 3, respectively, are ranged. 
[0063] In the diffraction optical element of Fig. 2, the 
shapes of the surfaces (curved tip planes) 9 and 10 in 
which the tips 6b and 7b of the grating portions 6-1 and 
7-1 of the two adjacent diffraction gratings 6 and 7, re- 
spectively, are ranged are substantially equal to each 
other. 

[0064] Fig. 5 shows as a comparative example a dif- 
fraction optical element 51 in which the shapes of only 
curved surfaces 4a and 5a in which the groove bottoms 
6c and 7c of grating portions 6-1 and 7-1 , respectively, 
are ranged are equal to each other. Here, a case where 
diffraction gratings 6 and 7 are formed on curved sur- 
faces 4a and 5a of a radius of curvature R will be de- 
scribed as an example. In this case, the radii of curva- 
ture of curved tip planes 4b and 5b in which the tips 6b 
and 7b of the grating portions 6-1 and 7-1 of the diffrac- 
tion gratings 6 and 7 are ranged change by an amount 
corresponding to the thickness of the grating, and the 



radius of curvature of the curved tip plane 4b of the first 
diffraction optical element 2 is R-d1 , and the radius of 
curvature of the curved tip plane 5b of the second dif- 
fraction optical element 3 is R+d2. The spacing on the 
s optical axis O between the curved tip planes 4b and 5b 
in which the tips 6b and 7b are ranged is defined as D1 . 
[0065] Here, as a specific numerical value example, 
the spacing between the diffraction gratings in the pe- 
ripheral portions thereof when the radius of curvature R 
10 is 1 50 mm and the effective diameter of the gratings is 
0100 mm and the thickness d1 of the grating is 9.5 ujti 
and the thickness d2 of the grating is 6.9 (am and the 
spacing D1 is 3 ujti is about 2.0 pm which is smaller by 
the order of 1 .0 urn as compared with the central portion 
*s on the optical axis. This fluctuation of the spacing is an 
amount which cannot be neglected when it is taken into 
account that the thickness ol the grating is of the order 
of several um Accordingly, in orderto eliminate the fluc- 
tuation of this grating spacing (the spacing between the 
^0 tip of a certain grating portion and the tip of another grat- 
ing portion opposed thereto) depending on the location, 
in the present embodiment, the shapes of the curved tip 
planes 9 and 1 0 in which the tips 6b and 7b of the grating 
portions 6-1 and 7-1 of the two adjacent diffraction grat- 
is ings 6 and 7 are ranged are made substantially equal to 
each other as shown in Figs. 2 and 6 (in Fig. 6, the both 
curved tip planes have the same radius of curvature R). 
[0066] When as shown in Fig. 7, a diffraction optical 
element 70 is comprised of first, second and third dif- 
30 fraction optical elements 71 , 72 and 73, design is made 
such that a curved tip plane 71c in which the tips 71b of 
the grating portions71a-1 of the diffraction gratings 71a 
of the element 71 are ranged and a groove bottom 
curved surface 72c in which the groove bottoms 72d of 
35 the grating portions 72a-1 of the diffraction gratings 72a 
of the element 72 adjacent to the element 71 are ranged 
are made into curved surfaces (radius of curvature R) 
equal in radius of curvature to each other. Also, design 
is made such that curved tip planes 72d and 73c in which 
40 the tips 72e and 73b of the grating portions 72a-1 and 
73a-1 of the adjacent diffraction gratings 72a and 73a 
are ranged become curved surfaces (radius of curvature 
R-d2) equal in radius of curvature to each other. Here, 
which of the curved surfaces in which the tips of the grat- 
is jngs are ranged should be the reference curved surface 
is not particularly restricted. 

[0067] The manner of determining the grating pitches 
of the diffraction gratings 6 and 7 and the surface shapes 
of the curved tip planes 9 and 10 thereof when the 

so curved tip planes 9 and 10 in which the tips 6b and 7b 
of the most proximate grating portions 6-1 and 7-1 of the 
adjacent diffraction gratings 6 and 7 are ranged are sep- 
arate from each other by D1 in the direction of the optical 
axis O will now be described in detail with reference to 

55 Fig. 8. 

[0068] A curved surface 1 2 having a desired radius of 
curvature R is imaginarily disposed at the intermediate 
position of the spacing D1 between the grating tips fac- 
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ing each other. Assuming that the curved tip planes 9 
and 10 in which the grating tips 6b and 7b of the grating 
portions of the diffraction gratings 6 and 7 are ranged 
are concentric circles, the radius of curvature of the first 
diffraction grating 6 is defined as R+D1/2, and the radius 
of curvature of the second diffraction grating 7 is defined 
as R-D1/2. 

[0069] Next, as regards the grating pitch, the grating 
edge position (zonal radial position) is determined so as 
to satisfy a desired diffraction condition on the afore- 
mentioned imaginary curved surface R. In the case of 
the concentric circular diffraction optical elements as 
shown in Figs. 1 and 2, a conical surface perpendicularly 
intersecting with the imaginary curved surface R at this 
position is generated, and positions at which this conical 
surface intersects with the curved tip planes 9 and 1 0 in 
which the grating tips of the mountain sides of the re- 
spective grating portions are ranged are defined as the 
grating edge positions of the respective diffraction opti- 
cal elements . This construct ion jj^ja constructio n in 
which the spacing between the grating portions is kept 
at a constant value D1 in a direction perpendicularly in- 
tersecting with the reference curved surface and the 
grating edge positions of the respective grating portions 
are made coincident with each other. On the other hand, 
the construction of the embodiment shown in Figs. 1 and 
2 wherein the proximate grating tips of the two adjacent 
grating portions 7-1 and 7-2 are of the same grating pitch 
distribution and the curved tip planes 9 and 10 in which 
the grating tips of the respective grating portions are 
ranged are the same curved surfaces is a construction 
in which the spacing between the grating portions is kept 
at a constant value D1 in the direction of the optical axis 
O and the grating edge positions of the respective grat- 
ing portions are made coincident with each other. Strict- 
ly, the construction shown in Fig. 8 is preferable, but 
when the spacing D1 between the grating portions is as 
small as 1-3 u,m, there is no great difference between 
the two, and from the ease of manufacture, the construc- 
tion shown in Fig. 2 is preferable. 
[0070] The edge shape of each diffraction grating will 
now be described. As shown in Fig. 9, design is made 
such that the angle p formed by the grating edge por- 
tions 1 1 a and 1 1 b with respect to the grating surface 6a 
becomes the same (the edge portion 11a) as or more 
obtuse (the edge portion lib) than the angle a formed 
between a surface normal 11c at a point whereat the 
curved tip plane 9 and the grating tip 6b intersect with 
each other and the grating surface 6a, that is, a < p. 
[0071] Usually, a diffraction optical element, with the 
productivity thereof taken into account, is often made by 
plastic molding or ultraviolet ray setting resin molding by 
the use of a mold. A molded article having a curved sur- 
face shape is generally said to shrink in the direction of 
a plane perpendicular to the curved surface, and from 
this, it is preferable to form the grating edge portions 11a 
and 11b as described previously in order to mold the 
grating portions with good parting. 



[0072] The grating thickness d1 (d2) of each diffrac- 
tion grating will now be described. In the embodiment of 
the present invention, design is made such that as 
shown in Fig. 2, a grating thickness projective compo- 
s nent in the direction of a surface normal 11 c at a position 
whereat the curved tip planes 9 and 10 in which the tips 
of the grating portions are ranged and the grating tips 
6b and 7b intersect with each other becomes constant. 
That is, design is made such that the lengths of the grat- 

io ing edge portions 11a and 11 b in a direction parallel to 
the surface normal become constant. 
[0073] Fig. 10 shows as a comparative example the 
cross-sectional shape of a diffraction grating in which 
the grating thickness parallel to the optical axis O is con- 

15 stant. The cross-sectional shape shown in Fig. 10 is a 
grating condition under which there is obtained optimum 
diffraction efficiency when a light beam entering the dif- 
fraction optical element enters substantially in parallel- 
ism to the optical axis O. In this case, however, if with 

20 Ihe aforedescribed moldabilit y take n into ac count , the 
grating edge portions 11a and 11b are formed perpen- 
dicularly to the reference curved surface R ( those of par- 
allel light beams which are indicated by A1 and A2 enter 
the grating edge portions 1 1 a and 11b, and become un- 

25 necessary light beams which are not diffracted in a de- 
sired direction of diffraction. Accordingly, to reduce the 
influence of these unnecessary diffracted lights, it is 
preferable to use the diffraction optical element so that 
the light beams may enter the reference curved surface 

30 substantially perpendicularly thereto. At this time, the 
phase difference the diffraction optical element gives to 
the incident light beams is given from the difference in 
the length of the optical light path through which the light 
beams pass. 

35 [0074] It is apparent Irom this that in Fig. 1 0, the length 
(ab) of the edge portion Ha in the direction of the optical 
axis O becomes the grating thickness dab and this is a 
small grating thickness as compared with the desired 
grating thickness dl. Therefore, as in the embodiment of 

40 the present invention shown in Fig. 2, design is made 
such that the grating thickness component in the direc- 
tion of the surface normal 11c of the curved surfaces 9 
and 1 0 at a position whereat the curved tip planes 9 and 
10 in which the tips of the grating portions are ranged 

45 and the tips of the grating portions intersect with each 
other becomes constant, whereby optimum diffraction 
efficiency is obtained in the use of a diffraction optical 
element in which the influence of the grating edges is 
small. 

50 [0075] Fig. 3 shows the diffraction efficiency of the dif- 
fracted light of the design order of the light beam which 
has entered the diffraction optical element of the em- 
bodiment of the present invention from the direction of 
a perpendicular to the curved tip planes, and the diffrac- 
ts tion efficiency of the diffracted light of the design order 
of the tight beam which has entered the diffraction opti- 
cal element shown in Fig. 10 from the direction of the 
optical axis 0. It is to be understood here that the grating 
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pitch is 70 |-im, the angle formed by and between the 
surface normal of the reference curved surface and the 
optical axis is 5°, the material of the diffraction grating 
6 of the first diffraction optical element 2 is ultraviolet ray 
setting resin (nd = 1 .635, vd = 23.0), and the material of 
the diffraction grating 7 of the second diffraction optical 
element 3 is ultraviolet ray setting resin C001 (nd = 
1 .524, vd = 50.8) produced by Dainippon Chemical In- 
dustry Ltd. It is also to be understood that in the respec- 
tive constructions, the grating thickness d1 satisfies 6.9 
jam and the grating thickness d2 satisfies 9.5 |im. In Fig. 
3, solid line (2) indicates the diffraction optical element 
of the embodiment of the present invention, and dotted 
line (1 ) indicates the diffraction optical element of the 
construction of Fig. 10. 

[0076] It will be seen from Fig. 3 that the diffraction 
efficiency of the diffraction optical element of the em- 
bodiment of the present invention is high and moreover, 
performance equal to that of the diffraction optical ele- 
ment of laminated structure formed on a flat surface 
which is shown in Fig. 22 is obtained. 
[0077] While the foregoing description has been 
made of a diffraction optical element in which the curved 
tip planes are spherical surfaces, the present invention 
can also be applied to a diffraction optical element in 
which the curved tip planes are any curved surfaces 
such as aspherical surfaces, cylindrical surfaces ortoric 
surfaces. The present invention can also be applied to 
a diffraction optical element having a one-dimensional 
grating (diffraction grating of equal pitch) as shown in 
Fig. 11, besides a diffraction optical element having a 
diffraction grating of which the grating pitch changes 
gradually. 

[0078] Fig. 1 2 is a schematic view of the essential por- 
tions of Embodiment 2 of the diffraction optical element 
of the present invention. 

[0079] The aforedescribed Embodiment 1 has been 
of a construction in which the first and second diffraction 
optical elements are disposed in proximity to each other. 
Here, it is necessary that the relative positions of the two 
diffraction optical elements be considerably accurately 
adjusted to each other. So, Embodiment 2 adopts a con- 
struction as shown in Fig. 1 2 wherein two diffraction op- 
tical elements 2 and 3 are adhesively secured to each 
other in a non-grating area 13 in which the diffraction 
gratings of the diffraction optical elements 2 and 3 are 
absent. 

[0080] By adopting such a construction, the adher- 
ence of dust to the surfaces of the gratings can be great- 
ly reduced if the elements are assembled up to the ad- 
hesive securing in an environment such as a clean room 
wherein little dust is present. Also, after the adhesive 
securing, the surfaces of the gratings are not touched 
and therefore, the working property when the diffraction 
optical element 1 is incorporated into other optical sys- 
tem is greatly improved. 

[0081] Fig. 13 is a schematic view of the essential por- 
tions of Embodiment 3 of the diffraction optical element 



of the present invention. 

[0082] The diffraction optical elements of the aforede- 
scribed Embodiments 1 and 2 are of a construction in 
which two diffraction gratings are disposed in proximity 
5 to each other. In Embodiment 2, the relative position be- 
tween the two diffraction gratings may three-dimension- 
ally cause an error. So, in Embodiment 3, as shown in 
Fig. 13, portions 14 for regulating the spacing between 
the grating portions in the direction of height thereof are 
io provided in non-grating areas 13, whereby the relative 
spacing between the grating portions in the direction of 
depth thereof is provided with good accuracy. 
[0083] By such a construction, the alignment of the 
diffraction gratings may be accomplished by effecting 
15 the alignment only in xy directions and the working prop- 
erty is greatly improved. Also, the problem that during 
alignment, the diffraction gratings interfere with each 
other and the tips of the gratings are deformed is elimi- 
nated. If the portions 14 for regulating the height of the 
20 grating portions in the present embodiment are integral- 
ly formed of the same material as the material of the 
diffraction gratings 6 and 7 when the diffraction gratings 
6 and 7 are prepared, it will be preferable in both of ac- 
curacy and cost. Further, when as shown in Figs. 1,12 
25 and 13, the substrate has a lens shape, if such adjust- 
ment that the relative eccentricity of two lenses is offset 
is carried out during alignment adjustment, there can be 
provided a diffraction optical element of good perform- 
ance in which transmission optical eccentricity is little. 
30 [0084] Embodiment 4 of the diffraction optical ele- 
ment of the present invention will now be described. 
[0085] While in the diffraction optical elements of the 
aforedescribed embodiments, the materials forming the 
substrate and the diffraction gratings differ from each 
35 other, this is not restrictive, but the material forming the 
diffraction gratings may be the same as the material of 
the substrate and the diffraction gratings may be man- 
ufactured integrally with the substrate. 
[0086] By adopting such a construction, the outer di- 
40 ameter of the substrate and the positions of the centers 
of the diffraction gratings can be adjusted with good ac- 
curacy. Or when the substrate has a lens shape, it be- 
comes possible to adjust the core of the substrate lens 
and the centers of the gratings well. Accordingly, the op- 
^5 tical axis adjusting accuracy when the diffraction optical 
element of the present invention is incorporated into oth- 
er lens is improved, and the deterioration of an aberra- 
tion such as imaging performance caused by the ele- 
ment becoming eccentric can be greatly reduced. 
50 [0087] Fig. 1 4 is a schematic view of the essential por- 
tions of an optical system using the diffraction optical 
element according to the present invention. 
[0088] Fig. 1 4 shows a cross-section of the photo-tak- 
ing optical system of a camera or the like, and in Fig. 
55 14, the reference numeral 101 designates a photo-tak- 
ing lens having a stop 1 02 and one of the aforedescribed 
several diffraction optical elements 1 therein. The refer- 
ence numeral 103 denotes film or a CCD which is an 
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imaging surface. 

[0089] By using the diffraction optical element accord- 
ing to the present invention, the wavelength dependen- 
cy of diffraction efficiency is greatly improved and there- 
fore, there can be obtained a photo-taking lens of high 
performance in which flare is little and the resolving pow- 
er at low frequencies is high. Also, this diffraction optical 
element can be prepared by a simple manufacturing 
method and therefore, an inexpensive optical system 
excellent in mass productivity as a photo-taking optical 
system can be provided. 

[0090] While in Fig. 14, the diffraction optical element 
1 of the present invention is provided on the cemented 
surface of the fore lens, this is not restrictive, but the 
element 1 may be provided on the surface of the lens, 
or a plurality of diffraction optical elements according to 
the present invention may be used in the photo-taking 
lens. 

[0091] Also, in the present embodiment, there has 
been shown the c ase of the photo-tak ing lens of a ca m- 
era, whereas this is not restrictive, but the diffraction op- 
tical element of the present invention can also be used 
in various imaging optical systems used in a wide wave- 
length range, such as the photo-taking lens of a video 
camera, the image scanner of a business machine and 
the reader lens of a digital copier to thereby obtain a 
similar effect. 

[0092] Fig. 1 5 is a schematic view of the essential por- 
tions of an optical system using the diffraction optical 
element according to the present invention. 
[0093] Fig. 15 shows a cross-section of the observa- 
tion optical system of binoculars or the like, and in Fig. 
15, the reference numeral 1 designates an objective 
lens including one of the diffraction optical elements of 
the aforedescribed embodiments, and the reference nu- 
meral 1 04 denotes image reversing means such as a 
poroprism for forming an image, and in Fig. 15, it is 
shown as a glass block for the sake of simplicity. The 
reference numeral 1 05 designates an eyepiece, and the 
reference numeral 1 06 denotes an evaluation plane (pu- 
pil plane). The diffraction optical element 1 is formed 
with a view to correct the chromatic aberration or the like 
on the imaging plane 103 of the objective lens. 
[0094] By using the diffraction optical element accord- 
ing to the present invention, the wavelength dependen- 
cy of diffraction efficiency is greatly improved and there- 
fore, there can be obtained an objective lens of high per- 
formance in which flare is little and the resolving power 
at low frequencies is high. Also, the diffraction optical 
element of the present invention can be prepared by a 
simple manufacturing method and therefore, there can 
be provided an inexpensive optical system excellent in 
mass productivity as an observation optical system. 
[0095] While in the present embodiment, there has 
been shown a case where the diffraction optical element 
is formed on the objective lens portion, this is not restric- 
tive, but a similar effect may be obtained even if the dif- 
fraction optical element is formed on the surface o1 the 



prism or at a position in the eyepiece. However, by the 
diffraction optical element being provided more adjacent 
to the object side than the imaging plane, there is the 
chromatic aberration reducing effect by only the objec- 
5 tive lens and therefore, in the case of an observation 
system for the naked eye, it is desirable to provide the 
diffraction optical element at least on the objective lens 
side. 

[0096] Also, the optical system of the present embod- 
io jment has been shown as binoculars, whereas this is 
not restrictive, but it may be an optical system such as 
a ground telescope or an astronomical telescope, and 
the present invention can also be applied to an optical 
system such as the optical type finder of a lens shutter 
is camera, a video camera or the like to thereby obtain an 
effect similar to that in the case of binoculars. 



Claims 

20 

1 . A diffraction optical element wherein at least two dif- 
fraction gratings formed of at least two kinds of ma- 
terials differing in dispersion are laminated, at least 
two of said diffraction gratings are formed on a 

25 curved surface and adjacent to each other, and 
these two adjacent diffraction gratings are equal to 
each other in the shape of a curved tip plane in 
which the tips of respective grating portions are 
ranged. 

30 

2. A diffraction optical element wherein at least two dif- 
fraction gratings formed of at least two kinds of ma- 
terials differing in dispersion are laminated, at least 
two of said diffraction gratings are formed on a 

35 curved surface and adjacent to each other, and the 
shapes of a curved tip plane in which the tips of the 
grating portion of one of these two adjacent diffrac- 
tion gratings are ranged and a curved bottom plane 
in which the groove bottoms of the grating portion 

40 of the other diffraction grating are ranged are equal 
to each other. 

3. A diffraction optical element wherein at least two dif- 
fraction gratings formed of at least two kinds of ma- 

^5 terials differing in dispersion are laminated, at least 
two of said diffraction gratings are formed on a 
curved surface and adjacent to each other, and 
these two adjacent diffraction gratings are such that 
a line linking the tips of the opposed grating portions 

50 thereof is substantially parallel to an optical axis. 

4. A diffraction optical element wherein a plurality of 
diffraction gratings formed of at least two kinds of 
materials differing in dispersion are laminated, and 

55 two adjacent ones of said plurality of diffraction grat- 
ings satisfy 
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a < p, 

where p represents the angle formed between the 
grating edge of the grating portion thereof and the 
grating surface of the grating portion, and a repre- 
sents the angle formed by the grating surface with 
respect to the surface normal of a curved tip plane 
at a position whereat the curved tip plane in which 
the tips of said grating portion are ranged and said 
tips intersect with each other. 

5. A diffraction optical element wherein a plurality of 
diffraction gratings formed of at least two kinds of 
materials differing in dispersion are laminated, and 
the grating thickness of the grating portions of said 
diffraction gratings is such that the length thereof in 
a direction parallel to the surface normal of a curved 
tip plane in which the tips of said grating portions 
are ranged at a position whereat the curved tip 
plane and said tips intersect with each other is con- 
stant. 

6. A diffraction optical element wherein at least two dif- 
fraction gratings formed of at least two kinds of ma- 
terials differing in dispersion are laminated, at least 
two of said diffraction gratings are formed on a 
curved surface and adjacent to each other, and 
these two adjacent diffraction gratings are coinci- 
dent with each other in the center of curvature of a 
curved tip plane in which the tips of the gratings of 
the respective grating portions thereof are ranged. 

7. A diffraction optical element wherein at least two dif- 
fraction gratings formed of at least two kinds of ma- 
terials differing in dispersion are laminated, at least 
two of said diffraction gratings are formed on a 
curved surface and adjacent to each other, and the 
grating spacing between these two adjacent diffrac- 
tion gratings is equal over the range of use. 

8. A diffraction optical element according to any one 
of Claims 1 to 7, wherein substrates on which said 
diffraction gratings are formed are joined together 
in the non-grating area of each of said diffraction 
gratings. 

9. A diffraction optical element according to any one 
of Claims 1 to 7, wherein at least one of said lami- 
nated diffraction gratings has at least one diffraction 
grating differing from it in the direction of the grating 
shape of the grating portion. 

10. A diffraction optical element according to any one 
of Claims 1 to 7, wherein the wavelength area used 
is a visible range. 

11. A diffraction optical element according to any one 



of Claims 1 to 7, wherein at least one of said plurality 
of diffraction gratings is such that the material form- 
ing said diffraction gratings is the same as the ma- 
terial forming a substrate on which said diffraction 
5 gratings are provided. 

12. A diffraction optical element according to Claim 11 , 
wherein said substrate has lens action. 

io 13. A diffraction optical element according to any one 
of Claims 1 to 7, which is formed on the cemented 
surface of a cemented lens. 

14. A diffraction optical element according to any one 
75 of Claims 1 to 7, wherein said plurality of diffraction 
gratings are laminated so that the diffraction effi- 
ciency of a particular order may heighten in the en- 
tire wavelength area used. 

20 15. An optical system using a diffraction optical element 
according to any one of Claims 1 to 7. 

16. An optical system according to Claim 15, which is 
an imaging optical system. 

25 

17. An optical system according to Claim 15, which is 
an observation optical system. 

30 
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